changes, which could explain the larger changes in Antarctic precipitation simulated by these models. The agreement between the models, CloudSat data and ERA-Interim is generally less in the interior of Antarctica than at the peripheries, but the interior is also where climate change will induce the smallest absolute change in precipitation. About three-quarters of the impact on sea level will result from precipitation change over the half most peripheral and lowest elevation part of the surface of Antarctica.
Introduction
Predicting the evolution of the Antarctic ice sheet is a major challenge with relevance to sea level rise. While satellite observations indicate an increasing ice loss in West Antarctica due to ongoing outlet glacier acceleration (Rignot et al. 2008; Velicogna 2009; Shepherd et al. 2012) , Antarctic snow accumulation is expected to increase in a warming climate (Gregory and Huybrechts 2006; Frieler et al. 2015) , moderating the future contribution of the Antarctic ice sheet to sea level rise. However, no clear trend in snow accumulation has been extracted for the last decades from observations and reanalysis data for the whole Antarctic continent (Monaghan et al. 2006; Frezzotti et al. 2013 ).
Climate models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) consistently predict Antarctic precipitation to increase in a warming climate (Church et al. 2013 ). Due to this change in precipitation, snow accumulation (the sum of precipitation, sublimation/evaporation, meltwater run-off, and blowing snow) should also increase in Antarctica (Church et al. 2013) .
Abstract On average, the models in the Fifth Climate Model Intercomparison Project archive predict an increase in Antarctic precipitation from 5.5 to 24.5 % between 1986-2005 and 2080-2099 , depending on greenhouse gas emissions scenarios. This translates into a moderation of future sea level rise ranging from −19 to −71 mm between 2006 and 2099. However, comparison with CloudSat and ERA-Interim data show that almost all the models overestimate current Antarctic precipitation, some by more than 100 %. If only the models that agree with CloudSat data within 20 % of error are considered, larger precipitation changes (from 7.4 to 29.3 %) and impact on sea level (from −25 to −85 mm) are predicted. A common practice of averaging all models to evaluate climate projections thus leads to a significant underestimation of the contribution of Antarctic precipitation to future sea level. Models simulate, on average, a 7.4 %/°C precipitation change with surface temperature warming. The models in better agreement with CloudSat observations for Antarctic snowfall predict, on average, larger temperature and Antarctic sea ice cover However, models differ widely on their simulations of the current precipitation rate in Antarctica. There is, therefore, a need to evaluate climate models with precipitation observations, and to understand the processes controlling Antarctic precipitation.
Antarctic snow accumulation has been estimated using in-situ measurements and passive microwave radiometers (Vaughan et al. 1999; Arthern et al. 2006) , although uncertainties remain concerning the use of inaccurate insitu observations , and the interpolation based on microwave surface emission is affected by melt over coastal areas during the summer (Magand et al. 2008) . In contrast, precipitation has been more complicated to assess due to the inherent challenges associated with measuring precipitation in Antarctica. In coastal areas, it is difficult to separate precipitation and blowing snow caused by strong katabatic winds. In the interior of the ice sheet, where precipitation rates are very small (Bromwich et al. 2004; Palerme et al. 2014 ), the sensors must be able to detect very light precipitation. In addition, low temperatures and hoarfrost negatively impact instruments that are not designed for harsh environments.
Moreover, no precipitation climatology has resulted so far from passive microwave remote sensing since it is difficult to distinguish the signals from falling snow and snow on the ground. An approach has been developed to detect snowfall occurrence using changes in surface emissivity (Bindschadler et al. 2005 ), but the method was not quantitative.
Quantitative Antarctic precipitation observations have recently become available with the data provided by the cloud profiling radar (CPR) onboard the CloudSat satellite (Stephens et al. 2008; Liu 2008) . Palerme et al. (2014) used two new CloudSat products to generate the first modelindependent and multi-year climatology of Antarctic precipitation north of 82°S. In this study, the ability of CMIP5 climate models to reproduce present-day Antarctic snowfall is assessed against this new satellite climatology. After this model assessment, an intercomparison and analysis of CMIP5 model projections for the twenty-first century is presented. It is common to attribute a higher level of confidence in the projections from the models that most closely reproduce the current climate, so projections from the subset of models that most closely reproduce current Antarctic snowfall observed with CloudSat are also highlighted in this section. The sensitivities of Antarctic precipitation to near-surface air temperature and sea ice area changes are also investigated.
Data and methods
The CloudSat product 2C-SNOW-PROFILE (Wood et al. 2013 ) that provides instantaneous estimates of snowfall since August 2006 was aggregated to a 1° (latitude) × 2 (longitude) grid between 63°S and 82°S as described by Palerme et al. (2014) . Due to battery problems, CloudSat has not provided any data during the night since April 2011, thus the period 2007-2010 is adopted in this study to take into account the four complete years available from the CloudSat 2C-SNOW-PROFILE product. The uncertainty on this climatology can not be easily estimated, but good agreement has been found between this climatology and ERA Interim reanalysis, which is encouraging for the reliability of both datasets (Palerme et al. 2014) . However, precipitation events occurring below 1200 m above the surface are missed with the CloudSat 2C-SNOW-PROFILE algorithm due to ground clutter contamination (Wood et al. 2013) .
ERA Interim reanalysis is used as a second indicator for model evaluation. ERA Interim is a global comprehensive atmospheric reanalysis produced by the European Centre for Medium Range Weather Forecasts (ECMWF) (Simmons et al. 2006) . It covers the period from 1979 to present at a 6-hourly resolution, and with a spatial resolution of about 0.75° × 0.75°. The 6 and 12-h forecasts of precipitation are used here. Data from surface observations and radiosondes, commercial aircraft observations, and satellite measurements are assimilated in the numerical model to improve and constrain the forecasts (Dee et al. 2011 ). CloudSat observations are not incorporated in the ERA interim reanalysis. Direct precipitation observations are not assimilated into the model, but precipitation is modified in the analysis through the four-dimensional variational assimilation of other variables such as temperature and humidity (Dee et al. 2011) . It has been shown that the snow accumulation (defined as precipitation minus evaporation) simulated by ERA Interim reanalysis is close to airborne radar observations over Thwaites Glacier in West Antarctica (Medley et al. 2013) . Moreover, it has been suggested that ERA Interim likely offers the most realistic depiction of precipitation changes in Antarctica among various reanalysis datasets (Bromwich et al. 2011 ). Nevertheless, similar parameterizations could be used in ERA Interim reanalysis and the CMIP5 models for simulating precipitation, which could induce similar bias in the different datasets.
The Historical scenario, in which the coupled climate models are forced by observed atmospheric composition changes from the middle of the nineteenth century to the early twenty-first century (Taylor et al. 2012) , has been used for current climate evaluation. Simulations of Antarctic snowfall in the Historical scenario have been compared to simulations from the Atmospheric Model Intercomparison Project (AMIP) experiment to investigate the influence of sea surface conditions on Antarctic precipitation. In the AMIP experiment (Gates 1992) , the atmospheric models are constrained by realistic sea surface temperature and sea ice from 1979 to near present (2008 for most of the CMIP5 models). Because the atmospheric models are not subject to the ocean-atmosphere feedbacks, the AMIP experiment is expected to be the most reliable experiment for current precipitation simulations. Fig. 1, 9 of the 1716 values, characterized by very high snowfall rates in CloudSat observations (more than 1000 mm/year), are not shown for more clarity. All of these values are located in mountainous areas: in the Peninsula, the Vinson massif (78°S, 85°W), and the Prince Charles Mountains (around 72°S, 65°E). The Pearson correlation coefficient between CloudSat observations and ERA Interim reanalysis is 0.59 if all the values are taken into account, but is really better (0.91) without these nine values. There are issues concerning both datasets over mountainous areas. In CloudSat observations, the ground clutter is likely stronger over mountainous areas than over flat terrain, and may induce a spuriously high snowfall rate, while orographic precipitation may not be well represented in ERA Interim due to a too coarse spatial resolution.
In ERA Interim, the mean snowfall rate on the Antarctic continent north of 82°S is similar during the For current climate evaluation only snowfall is considered in the models for direct comparison with CloudSat observations. However, liquid precipitation is very infrequent in Antarctica (Bengtsson et al. 2011; Palerme et al. 2014) , and it is expected that the snowfall rate is very close to the precipitation rate. Furthermore, due to the narrow orbit track of CloudSat (1.3 km), which only operates at nadir, the surface directly covered by CloudSat observations is only a fraction of the total surface of the ice sheet (Palerme et al. 2014) . Nevertherless, the CloudSat spatiotemporal sampling is better at high latitudes, and is likely sufficient to be representative of a climatology in Antarctica if several years of observations are taken into account (Palerme et al. 2014) .
For precipitation projections, we used the four experiments Representative Concentration Pathway (Moss et al. 2010 ): RCP2.6, RCP4.5, RCP6.0, and RCP8.5. These scenarios are labeled according to the approximate values of the global radiative forcing in 2100 (in W/m 2 ). For all the variables used in this study, the mean value of the variable is assessed in the last 20 years of the simulations in the Historical scenario (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , and in the last 20 years of the century in the RCP scenarios (2080) (2081) (2082) (2083) (2084) (2085) (2086) (2087) (2088) (2089) (2090) (2091) (2092) (2093) (2094) (2095) (2096) (2097) (2098) (2099) . Thus, the trends assessed for the twenty-first century represent the difference between the periods 1986-2005 and 2080-2099.
The list of the models used in this study is shown in Table 1 . Several simulations are provided for some models in order to characterize their own internal variability and sensitivity to initial conditions. When there were several simulations for a same model, the mean value of the simulations was taken into account for comparing the different models.
Two regions have been analyzed separately in this study (except for the mean annual snowfall rate which has been studied in six different areas): the periphery of the ice sheet which corresponds to the part of the continent with surface elevation below 2250 m, and the interior of the ice sheet with surface elevation over 2250 m. Each region constitutes 50 % of the total surface of the Antarctic ice sheet (areas with an altitude higher than 2250 m represent 71 % of the surface of East Antarctica, and 12 % of the surface of West Antarctica). These two regions are characterized by different precipitation regimes. Most of the precipitation falls on the peripheral areas of the ice sheet, and it is where the models predict the largest absolute increase during the twenty-first century (Genthon et al. 2009 ). Precipitation in The models written in italic are the models which simulate a snowfall rate during the period 1986-2005 in the Historical scenario close to the CloudSat snowfall rate (±20 %) on the Antarctic continent north of 82°S Historical RCP2.6 RCP4.5 RCP6.0 RCP8.5
these regions is mainly influenced by synoptic scale features such as cyclones and fronts (Bromwich 1988) . In the interior of the ice sheet, precipitation is less influenced by the southern ocean, and very light precipitation occurs due to very low temperatures. Moreover, a potentially significant fraction of the precipitation in the interior of the ice sheet falls in the form of "diamond dust" (ice crystals) under clear sky conditions (Bromwich 1988; Fujita and Abe 2006) .
Evaluation of current climate simulations
3.1 Mean annual snowfall rate Figure 2 shows the ratio of the snowfall rate simulated by 5 CMIP5 models over the snowfall rate observed with CloudSat (north of 82°S). These 5 CMIP5 models are representative of the range of models in the Historical scenario (Table 1) . Among all the models used for the Historical scenario, the model with the lowest mean snowfall rate on the Antarctic continent north of 82°S during the period 1986-2005 is CSIRO-Mk3-6-0, and the model with the highest mean snowfall rate is GISS-E2-H. There are large differences in the snowfall rates simulated by these models. Overall, the models reproduce a snowfall rate closer to the observations from CloudSat and ERA Interim reanalysis over the coastal areas than over the interior of the ice sheet, where they tend to simulate higher snowfall rates than CloudSat or ERA Interim reanalysis. Figure 3 shows the mean snowfall rate assessed with CloudSat during the period 2007-2010, and the snowfall rates simulated by ERA Interim and the CMIP5 models (Historical scenario) during the period 1986-2005. Over the Antarctic continent north of 82°S, only two models (CSIRO-Mk3-6-0 and FIO-ESM) produce a snowfall rate lower than those observed by CloudSat and simulated by ERA Interim. The snowfall rate in the CMIP5 models ranges from 158 to 354 mm/year, compared to 165 mm/ year for ERA Interim, and 172 mm/year for CloudSat. The mean snowfall rate from all the CMIP5 models over the Antarctic continent north of 82°S is 224 mm/year. 13 of the 40 models analyzed simulate snowfall rates within ±20 % of CloudSat. These models are written in italic in Table 1 .
Over the marginal regions of the Antarctic ice sheet (surface elevation <2250 m), the snowfall rate in the CMIP5 models ranges from 254 to 611 mm/year, compared to 306 mm/year for CloudSat, and 279 mm/year in ERA Interim reanalysis. The mean snowfall rate from all the CMIP5 models is 363 mm/year over this part of the ice sheet, 19 % larger than observed by CloudSat. In this region, 6 of the 40 models analyzed produce a snowfall rate lower than the snowfall rate observed with CloudSat, but only three models produce a snowfall rate lower than the snowfall rate simulated by ERA Interim.
In the interior of the ice sheet north of 82°S, the snowfall rate varies by a factor of two between the CMIP5 models ranging from 50 to 110 mm/year. Over this region, the mean snowfall rate from all the CMIP5 models is 74 mm/ year, compared to 46 mm/year from ERA Interim and 36 mm/year from CloudSat. However, it is likely that d West Antarctic ice sheet (north of 82°S). e Peninsula. f Peripheral areas of the East Antarctic ice sheet with surface elevation lower than 2250 m (north of 82°S). Red dots CloudSat, blue dots ERA Interim, and black dots CMIP5 climate models (Historical scenario). The yellow bar shows the mean snowfall rate for all the CMIP5 models, and the green rectangle shows the standard deviation CloudSat observations underestimate the snowfall rate in the Antarctic interior. The CloudSat algorithm used in this study is not able to detect precipitation below 1200 m above the surface due to ground clutter (Wood et al. 2013) , and the relative contribution of shallow precipitation in the interior of the ice sheet is probably more important than on the peripheral areas. Therefore, it is likely that CloudSat observations are more reliable on the peripheral regions than in the interior of the ice sheet (Palerme et al. 2014) .
Over the West Antarctic ice sheet (WAIS), the snowfall rate in the CMIP5 models ranges from 262 to 572 mm/year, compared to 310 mm/year in CloudSat observations and 286 mm/year in ERA Interim reanalysis. The mean snowfall rate from the CMIP5 models is 374 mm/year over West Antarctica, 21 % larger than observed by CloudSat.
CloudSat observations and ERA Interim reanalysis disagree for the mean snowfall rate over the Antarctic Peninsula (711 mm/year in CloudSat and 512 mm/year in ERA Interim). The ground clutter in CloudSat observations is likely stronger over mountainous areas like the Peninsula, which may induce a spuriously high snowfall rate, whereas orographic precipitation may not be well represented in ERA Interim reanalysis due to its spatial resolution of about 80 km (Dee et al. 2011) . The highest standard deviation for the snowfall rate in the CMIP5 models is observed over the Antarctic Peninsula with a value of 125 mm/year. Furthermore, the Antarctic Peninsula is the only region in which the CloudSat snowfall rate (711 mm/year) is higher than the mean value from the CMIP5 models (586 mm/ year).
There is a relatively good agreement between the CMIP5 models, CloudSat observations, and ERA Interim reanalysis for the snowfall rate over the coastal regions of the East Antarctic ice sheet (EAIS), with a mean snowfall rate in the CMIP5 models of 337 mm/year, compared to 283 mm/year in CloudSat observations and 259 mm/year in ERA Interim reanalysis. However, the snowfall rate in the CMIP5 models ranges from 211 to 632 mm/year over this part of the ice sheet. Figure 4 shows the seasonal variability of Antarctic precipitation simulated by the CMIP5 models and ERA Interim during the period 1986-2005, and observed with CloudSat during the period 2007-2010. On the Antarctic continent (north of 82°S) and the peripheral areas, CloudSat data and ERA Interim indicate the same seasonality for Antarctic precipitation. The maximum snowfall rate is observed in March-April-May (MAM) followed by June-JulyAugust (JJA) and September-October-November (SON). The minimum snowfall rate is observed in the summer months of December-January-February (DJF). There are small differences in CloudSat data and ERA Interim reanalysis between the two seasons with the highest snowfall rate (MAM and JJA). 24 of the 40 CMIP5 models analyzed reproduce this seasonality on the continent north of 82°S, and 26 of the 40 models capture the seasonality on the peripheral regions of the ice sheet.
Seasonal variability
Of the 13 models which reproduce a mean snowfall rate within ±20 % of CloudSat (Table 1) , 7 models (ACCESS1-3, Bcc-csm1-1, CanESM2, CESM1-CAM5, FIO-ESM, HadGEM2-CC, and IPSL-CM5A-LR) produce the same seasonality as CloudSat and ERA Interim over the Antarctic continent (north of 82°S). Overall, the models which reproduce relatively well the mean snowfall rate observed with CloudSat are not particularly better than the other models for simulating the seasonal variability of Antarctic snowfall.
In the interior of the ice sheet (surface elevation >2250 m and north of 82°S), where CloudSat observations are likely less reliable due to the relative contribution of shallow precipitation, ERA Interim reanalysis disagree with the seasonal variability observed with CloudSat, especially during the winter months (JJA). The reason why CloudSat observations and ERA Interim reanalysis differ during the winter is not clear. The hydrometeors could be too small to be detected as snowfall particles in the CloudSat algorithm, or the contribution of shallow precipitation could be stronger during the winter. The reliability of ERA Interim to reproduce precipitation over the Antarctic plateau is not known, and could also be questionable. Furthermore, no clear seasonal variability can be extracted from the CMIP5 models archive in the interior of the ice sheet. There are more discrepancies between the CMIP5 models during the summer and the winter than during the fall and the spring.
Trends in Antarctic precipitation during the period 1956-2005
To study the trend in Antarctic precipitation simulated by the CMIP5 models, the total Antarctic precipitation rate (liquid + solid) has been averaged from the pole. During the last 50 years of the Historical scenario , all the CMIP5 models, except CMCC-CESM, produce a positive trend in Antarctic precipitation. The trend in Antarctic precipitation ranges from −0.6 to 5.5 mm per decade in the climate models, with a mean value of 2.3 mm per decade. On average, the CMIP5 models which reproduce a snowfall rate within ±20 % of the CloudSat snowfall rate produce a similar trend in Antarctic precipitation during the period 1956-2005 (2.1 mm per decade). The trends in snow accumulation (defined as precipitation minus evaporation) are similar, ranging from −0.4 to 5.3 mm per decade, with a mean value of 1.9 mm per decade. The mean trend in Antarctic snow accumulation reproduced by the CMIP5 climate models is very close to the trend assessed by Monaghan et al. (2006) from ice cores and meteorological reanalysis (1.9 mm per decade during the period 1955-2004), which is statistically insignificant. Furthermore, our results are in accordance with the findings of Monaghan et al. (2008) , who reported a mean trend in snow accumulation of 1.7 mm per decade during the period 1955-1999 for a selection of five CMIP3 models.
Model projections for the twenty-first century

Precipitation changes and consequences on sea level
Future changes in Antarctic precipitation will impact the mass balance of the Antarctic ice sheet, and thus its contribution to sea level. That is why, the projections for the twenty-first century are calculated over the whole Antarctic continent (from the pole but excluding ice shelves). Furthermore, since most of the rain that falls in Antarctica refreezes in the snowpack due to low temperatures (Lenaerts et al. 2012), both forms of precipitation contribute to mass accumulation on the ice sheet. As a result, we consider total precipitation rate (liquid + solid) when assessing future changes in the RCP scenarios. However, liquid precipitation is rare and represents, on average, about 5 % of the total Antarctic precipitation during the period 1986-2005 in the Historical scenario. Table 1 provides the list of the models used for each RCP experiment. In this table, the models which simulate a snowfall rate during the period 1986-2005 in the Historical scenario within 20 % of the CloudSat snowfall rate during the period 2007-2010, are written in italic and will be analyzed separately in this section.
Between the periods 1986-2005 and 2080-2099, precipitation changes varies from −6.5 % (GFDL-ESM2G) to 43.0 % (CESM1-BGC) for the whole Antarctic continent depending on the models and the RCP scenarios (Table 2 ). On average, the Antarctic precipitation increase from the CMIP5 models varies from 5.5 % for the scenario RCP2.6 to 24.5 % for the scenario RCP8.5. If only the models which reproduce a snowfall rate close to the CloudSat observations are taken into account, this increase is, Table 2 Relative precipitation changes (%) in the CMIP5 models on the whole Antarctic continent (up to the pole), peripheral areas, and the interior of the ice sheet
The changes are calculated between the period 1986-2005 in the Historical scenario and the period 2080-2099 in the RCP scenarios. The relative precipitation changes for the models which simulate a snowfall rate close to the CloudSat snowfall rate (±20 %) on the Antarctic continent north of 82°S, during the period 1986-2005, are on average, larger in all the RCP experiments: from 7.4 % for the scenario RCP2.6 to 29.3 % for the scenario RCP8.5 (Table 2 ). The relative increase of precipitation is larger in the interior of the ice sheet than on the peripheral areas (Table 2) . However, the absolute increase from the CMIP5 models (not shown) is about three times larger on the peripheral areas (surface elevation <2250 m) than in the interior of the ice sheet (surface elevation >2250 m). Therefore, precipitation on the marginal regions of the ice sheet will contribute about three times more to the changes in total Antarctic precipitation than the precipitation on the Antarctic plateau since these two regions cover equal areas. This is in accordance with the findings of Genthon et al. (2009) who found the same result with the CMIP3 models.
From the evolution of Antarctic precipitation during the twenty-first century, it is possible to assess the contribution of Antarctic precipitation to sea level [360 Gt of ice is equivalent to 1 mm in sea level (Alley et al. 2005) ]. On average from all the CMIP5 models, the contribution of Antarctic precipitation to sea level during the twenty-first century varies from −19 mm for the scenario RCP2.6 to −71 mm for the scenario RCP8.5 (Fig. 5) . If only the models which reproduce a snowfall rate close to the CloudSat observations are taken into account, this contribution is larger: from −25 mm for the scenario RCP2.6 to −85 mm for the scenario RCP8.5. 
Precipitation and temperature changes
If relative humidity remains constant with global warming, which is predicted by climate models (Held and Soden 2006) , atmospheric water vapor content will increase with warmer temperatures (Clausius-Clapeyron relation). Due to this change in atmospheric water vapor content, Antarctic precipitation is also expected to increase during the twentyfirst century. The relative precipitation changes ΔP (%) predicted by the CMIP5 models have been compared to the near-surface air temperature changes ΔT (°C) simulated by these models (Fig. 6) . The correlation between these two variables is 0.95 for the whole Antarctic continent. A linear regression produces ΔP = 7.4ΔT−3.3 for the whole continent that can be partitioned as ΔP = 7.0ΔT−2.5 for the peripheral region and ΔP = 9.3ΔT−4.0 for the interior of the ice sheet.
Therefore, on the whole Antarctic continent, the sensitivity of precipitation changes to temperature variations is about 7.4 %/°C. If only the climate models which reproduce a snowfall rate close to the CloudSat observations are taken into account, a similar sensitivity is obtained: 7.1 %/°C. This sensitivity is at the high end of values reported in previous studies which range from 3 %/°C to about 7 %/°C (Gregory and Huybrechts 2006; Krinner et al. 2007; Bengtsson et al. 2011; Ligtenberg et al. 2013; Krinner et al. 2014) . Furthermore, Frieler et al. (2015) have reported a sensitivity of snow accumulation to temperature of 6.1 %/°C using the CMIP5 models, and of 4.9 %/°C using the regional climate model RACMO2. Global precipitation is projected to increase by about 2 %/°C over the globe (Held and Soden 2006) , thus this sensitivity is much larger in Antarctica, but it remains lower than the increase in atmospheric moisture capacity expected from the Clausius-Clapeyron relation which is about 9.7 %/°C at −33 °C (the mean near-surface air temperature simulated by ERA Interim over the Antarctic continent during the period 1979-2012). However, in order to compare this sensitivity to the atmospheric moisture capacity changes, the temperature at the height of the precipitating clouds should be taken into account instead of the near-surface air temperature, which is used as a proxy here and in other studies (Gregory and Huybrechts 2006; Krinner et al. 2007; Bengtsson et al. 2011; Ligtenberg et al. 2013; Krinner et al. 2014) .
The annual-mean near-surface air temperature changes predicted by the CMIP5 models are reported in Fig. 7 . On average over the whole Antarctic continent, the models predict a temperature increase from 1.0 °C for the scenario RCP2.6 to 3.9 °C for the scenario RCP8.5. These changes are stronger over the interior of the ice sheet than over the peripheral areas, which may explain why the relative precipitation increases are larger over the interior of the ice sheet. Over the whole Antarctic continent, the temperature increases simulated are larger in the models that closely reproduce the CloudSat snowfall rate than the full ensemble. These differences are small for the scenarios RCP2.6, RCP4.5, and RCP6.0, but approach 0.4 °C for the RCP8.5 scenario. Due to larger temperature increases simulated during the twenty-first century, the models considered as the most reliable for the current climate tend to predict larger changes in Antarctic precipitation. 
Precipitation and sea ice cover changes
Sea ice cover variations in the southern hemisphere are also expected to influence Antarctic precipitation through changes in moisture and energy exchanges between the ocean and the atmosphere. Nevertherless, changes in Antarctic near-surface air temperature and sea ice cover in the southern hemisphere are also well correlated (Krinner et al. 2014) , and the relative influence of these two variables on Antarctic precipitation is difficult to assess.
The influence of sea surface conditions (sea ice and sea surface temperature) on Antarctic precipitation has been investigated in this study. The snowfall rate simulated by the CMIP5 models on the whole Antarctic continent (from the pole) in the Historical scenario and in the AMIP experiment have been compared in Fig. 8 . Only the models with simulations available for the AMIP and the Historical scenarios have been taken into account (23 models). In the AMIP scenario, the atmospheric models are constrained by realistic sea surface conditions, while the coupled climate models are used in the Historical scenario. Therefore, contrary to the AMIP experiment, the simulations in the Historical scenario are subject to the ocean-atmosphere feedbacks. Figure 8 shows that there are more discrepancies for the mean snowfall rate between the models in the Historical scenario than in the AMIP scenario, thus the standard deviation of the snowfall rate is higher in the Historical scenario (33 mm/year compared to 24 mm/year for the AMIP scenario). Furthermore, the snowfall rate is, on average, higher in the Historical scenario (199 mm/year) than in the AMIP scenario (186 mm/year). Therefore, model biases in sea surface conditions affect precipitation in Antarctica. In this study, the sea ice area in the southern hemisphere has been analyzed (summed products of the grid cell areas times the ice concentrations for all grid cells). The annualmean sea ice area changes ΔSI (10 6 km 2 ) predicted by the CMIP5 models have been compared to the relative precipitation changes ΔP (%) simulated by these models (Fig. 9) . The correlation between these two variables is −0.92 for the whole Antarctic continent. A linear regression produces ΔP = −5.6ΔSI + 3.1 for the whole continent, ΔP = −7.1ΔSI + 5.2 for the interior of the ice sheet, and ΔP = −5.3ΔSI + 2.7 for the peripheral regions. Figure 10 shows the annual-mean sea ice area changes in the southern hemisphere predicted by the CMIP5 models between the periods 1986-2005 and 2080-2099. On average, these changes vary from −0.81 x 10 6 km 2 for the scenario RCP2.6 to −3.2 x 10 6 km 2 for the scenario RCP8.5. Simulated sea ice area changes are stronger in the models that closely reproduce the CloudSat snowfall rate for the current period (Fig. 10) . This suggests that the stronger Antarctic precipitation increases predicted by these models could be linked with larger sea ice area changes in the southern hemisphere simulated by these models.
The annual-mean sea ice areas simulated by the CMIP5 models during the period 1986-2005 have been reported in Fig. 11 , and compared to sea ice area observations in the southern hemisphere provided by the U.S. National Snow and Ice Data Center (NSIDC). These observations have been obtained from data provided by the radiometers Scanning Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave Imager (SSM/I), and Special Sensor Microwave Imager Sounder (SSMIS). Pixels with a sea ice concentration lower than 15 % are screened from the analysis. Likewise, only model grid cells with a sea ice concentration higher than 15 % are included.
On average, the sea ice area simulated by the CMIP5 models during the period 1986-2005 is smaller than the observed sea ice area by remote sensing (Fig. 11) . However, the models that closely reproduce the CloudSat snowfall rate for the current period simulate, on average, The red bars show the annual-mean sea ice area for the models which simulate a snowfall rate during the period 1986-2005 close to the CloudSat snowfall rate (±20 %) on the Antarctic continent (north of 82°S). The annual-mean sea ice area in the southern hemisphere observed by remote sensing during the period 1986-2005 has also been reported (blue bar). The error bars show the standard deviation of the sea ice area in the southern hemisphere simulated by the CMIP5 models a 22 % larger sea ice area during the period 1986-2005 than observed (Fig. 11) . Nevertherless, a few climate models (ACCESS1-0, HadGEM2-CC, IPSL-CM5A-LR, and NorESM1-M) reproduce relatively well Antarctic snowfall observed with CloudSat (±20 %), and annual-mean sea ice area in the southern hemisphere observed by remote sensing (±20 %).
Discussion and conclusions
Antarctic snowfall simulated by the CMIP5 climate models for the current period has been evaluated against the first model-independent climatology of Antarctic precipitation. For the Historical scenario, the mean snowfall rate (latitude <82°S) from the CMIP5 models during the period 1986-2005 ranges from 158 to 354 mm/year. Only 2 of the 40 climate models simulate a current snowfall rate lower than the rates from CloudSat observations and ERA Interim reanalysis.
In CloudSat observations and ERA Interim reanalysis, the maximum snowfall rate occurs in March-April-May and the minimum snowfall rate occurs in December-January-February. Most of the CMIP5 models produce a seasonal variability close to the CloudSat observations and ERA Interim reanalysis over the Antarctic continent (north of 82°S). However, there is no agreement for the seasonality of Antarctic precipitation between CloudSat observations, ERA Interim reanalysis, and the CMIP5 models in the interior of the ice sheet, where the precipitation rates are very small.
The trend in Antarctic precipitation reproduced by the CMIP5 models during the period 1956-2005 is positive in all the models, except CMCC-CESM. On average, the trend in snow accumulation reproduced by the CMIP5 models (1.9 mm per decade) is very close to the trend assessed by Monaghan et al. (2006) from ice cores and meteorological reanalysis (1.9 mm per decade) during the period 1955-2004, which is not statistically significant.
Between the periods 1986-2005 and 2080-2099, the CMIP5 models predict, on average, a precipitation increase from 5.5 % (scenario RCP2.6) to 24.5 % (scenario RCP8.5). These changes in Antarctic precipitation correspond to a negative contribution to sea level between −19 mm (scenario RCP2.6) and −71 mm (scenario RCP8.5) between 2006 and 2099. About one third of the CMIP5 models reproduce a mean snowfall rate during the period 1986-2005 within ±20 % of the CloudSat observations. These models predict, on average, larger increases in Antarctic precipitation during the twenty-first century (from 7.4 to 29.3 % for the scenarios RCP2.6 and RCP8.5 respectively), and thus larger global sea-level sinks associated with this process (from −25 to −85 mm between 2006 and 2099 for the scenarios RCP2.6 and RCP8.5 respectively).
It is common practice to use the mean value from all the models for climate projections. However, if all the CMIP5 models are used to assess Antarctic precipitation changes, this leads to an underestimation of these changes, compared to the projections from the models best reproducing current Antarctic snowfall. This underestimation varies from 1.9 % for the scenario RCP2.6 to 4.8 % for the scenario RCP8.5 between the periods 1986-2005 and 2080-2099, which correspond to a difference in sea level from 6 mm (scenario RCP2.6) to 14 mm (scenario RCP8.5) between 2006 and 2099.
Most of the coastal stations have recorded increasing mean wind speeds in recent decades (Turner et al. 2005) . Therefore ablation processes driven by katabatic winds should be taken into account to evaluate the future contribution of the Antarctic surface mass balance to sea level, particularly over the coastal areas of the ice sheet where the ablation caused by blowing snow is more important. Agosta et al. (2015) have evaluated the ability of CMIP5 models to reproduce the Antarctic climate using five atmospheric and oceanic variables (sea level pressure, air temperature at 850 hPa, precipitable water, sea surface temperature, and sea ice extent). They suggested that ACCESS1-3 is the best CMIP5 model for modeling the Antarctic surface mass balance. The snowfall rate simulated by ACCESS1-3 between 1986 and 2005 is only about 16 % larger than the one observed with CloudSat, confirming that ACCESS1-3 seems to be pertinent for modeling the Antarctic surface mass balance. ACCESS1-0, CESM1-BGC, CESM1-CAM5, NorESM1-M, CCSM4, and EC-EARTH have also been suggested as reliable models by Agosta et al. (2015) . Among these models, ACCESS1-0, CESM1-CAM5, and NorESM1-M produce a snowfall rate within ±20 % of the snowfall rate observed with CloudSat. However, CESM1-BGC, CCSM4, and EC-EARTH simulate a snowfall rate during the period 1986-2005 less than 26 % higher than the snowfall rate observed with CloudSat.
The results suggest that there is a connection between Antarctic precipitation, near-surface air temperature, and sea ice area in the southern hemisphere. The CMIP5 models predict, on average, an increase of Antarctic precipitation of 7.4 %/°C. Furthermore, the models which closely reproduce Antarctic snowfall observed with CloudSat predict, on average, larger changes in near-surface air temperature and sea ice area in the southern hemisphere. This could be linked with the larger Antarctic precipitation increases predicted by these models during the twenty-first century. However, the relative impact of sea ice cover and temperature changes on Antarctic precipitation is difficult to assess and is beyond the scope of this study.
Future spaceborne radar missions, such as the Earth-CARE satellite scheduled for launch in 2017 (Kumagai et al. 2003) , should provide new observations for evaluating Antarctic precipitation in the climate models. Furthermore, field observations are sparse and rare in Antarctica, which prevents a robust evaluation of remote sensing retrievals. For instance, determining the contribution of shallow precipitation to total precipitation remains an issue, and in-situ observations, as those presented by Gorodetskaya et al. (2015) , should provide new informations for assessing the contribution of shallow precipitation. New in-situ observations of precipitation are needed in Antarctica to evaluate and improve remote sensing retrievals, and thus for more robust evaluation of climate model simulations.
